Within the Ig superfamily (IgSF), intercellular adhesion molecules (ICAMs) form a subfamily that binds the leukocyte integrin ␣L␤2. We report a 1.65-Å-resolution crystal structure of the ICAM-3 N-terminal domain (D1) in complex with the inserted domain, the ligand-binding domain of ␣L␤2. This high-resolution structure and comparisons among ICAM subfamily members establish that the binding of ICAM-3 D1 onto the inserted domain represents a common docking mode for ICAM subfamily members. The markedly different off-rates of ICAM-1, -2, and -3 appear to be determined by the hydrophobicity of residues that surround a metal coordination bond in the ␣L␤2-binding interfaces. Variation in composition of glycans on the periphery of the interfaces influences on-rate. structure ͉ protein recognition ͉ cell adhesion ͉ LFA-1
I
CAMs are type I transmembrane glycoproteins that form a subset of the IgSF. ICAM-1, -2, and -3 function in the immune system, mediating cell adhesion through interaction with the leukocyte integrin ␣ L ␤ 2 in different cellular settings. Like other integrins, ␣ L ␤ 2 is a large heterodimeric transmembrane protein that functions as a bidirectional and allosteric signaling molecule. The interaction of ␣ L ␤ 2 with ICAMs is critical in immune surveillance and responsiveness of leukocytes.
It is intriguing to have three homologous immune receptors, ICAM-1, -2, and -3, that bind to the same integrin. Monoclonal antibodies to all three ICAMs are required to inhibit peripheral blood lymphocyte proliferation in immune responses at the same level as monoclonal antibodies to ␣ L ␤ 2 , suggesting that multiple ␣ L ␤ 2 ligands are required for different aspects of ␣ L ␤ 2 -dependent leukocyte functions (1) . ICAM-1 is thought to be important in leukocyte emigration through the endothelium into sites of immunological challenge (2, 3) . ICAM-1 also plays a critical role in forming the immunological synapse between lymphocytes and their target cells, by promoting cell adhesion and lowering the activation threshold. In the absence of ICAM-1͞␣ L ␤ 2 interaction, 100-fold more antigen is required for T cell activation (4) . ICAM-2 is the predominant ligand for ␣ L ␤ 2 on resting endothelial cells and has been suggested to be vital for normal recirculation of resting leukocytes (5) . By contrast, ICAM-3 is the major ␣ L ␤ 2 ligand on resting T cells, on which ICAM-1 and -2 are either expressed at a very low level or not at all. The ICAM-3͞␣ L ␤ 2 adhesive event may facilitate interaction of resting T cells with antigen-presenting B cells as an initial step of immune response (6) (7) (8) . Moreover, ICAM-3 is a costimulatory molecule for both resting and activated T cells (9) . Recent work has provided direct evidence that ICAM-3 is the primary adhesion molecule involved in antigen-independent conjugate formation between T cells and antigen-presenting cells (APCs). This initial contact of a T cell with the APC creates an opportunity for T cells to exert exploratory scanning of the APC surface for antigen recognition (10) . The low-affinity ICAM-3͞ ␣ L ␤ 2 interaction also regulates ICAM-1͞␣ L ␤ 2 -mediated adhesion by augmenting accumulation of ␣ L ␤ 2 at sites of adhesion contact (11) . Biophysical studies revealed the order in ␣ L ␤ 2 -binding affinity to be ICAM-1 Ͼ ICAM-2 Ͼ ICAM-3 (12 (16) . The previous ICAM-1 complex with the ␣ L I domain was determined at a 3.3-Å resolution (16) . Here, we present a 1.65-Å-resolution structure of ICAM-3 D1 in complex with a high-affinity engineered ␣ L I domain. The current highresolution structure allows us to draw the conclusion that ICAM members share an identical docking mechanism onto the ␣ L I domain and to suggest that hydrophobic interactions within the interface are important in affinity differences among ICAMs. We also demonstrate that deglycosylation of ICAM-3 leads to increased affinity, which provides further insights into the role glycans play on cell surface receptors involved in the immune system. purified with a mAb (CBR-ICAM3͞1) affinity column. Pooled fractions were dialyzed against 20 mM Tris⅐HCl (pH 7.5)͞0.15M NaCl and then treated with 4,000 units of Endo H f (New England Biolabs) per mg of protein at room temperature overnight. ICAM-3 D1 was further purified by a mono Q column (20 mM Tris⅐HCl, pH 8.0, eluted with a NaCl gradient).
Crystals were grown by using the vapor-diffusion method in hanging drops at room temperature. ICAM-3 D1 (6 mg͞ml in 10 mM Tris⅐HCl, pH 8.0) and high-affinity I domain (17 mg͞ml in 10 mM Tris⅐HCl, pH 8.0͞1 mM MgCl 2 ) were mixed in a 1:1 molar ratio. Equal volumes of protein solution and the reservoir solution of 30% (wt͞vol) polyethylene glycol monomethyl ether 5000, 0.2 M (NH 4 ) 2 SO 4 , and 0.1 M sodium cacodylate (pH 6.4) were then mixed. For data collection, crystals were transferred to a cryo-protectant buffer containing reservoir solution supplemented with 15% (vol͞vol) glycerol and flash-frozen in liquid nitrogen.
Structure Determination and Refinements. Data were collected at beamline 19-ID in the Advanced Photon Source of the Argonne National Laboratory and processed with HKL-2000 (18) . The structure was determined by using molecular replacement implemented in AMORE (19) based on a two-body search in the 15-to 3.5-Å range. The high-affinity I domain of ␣ L ␤ 2 (PDB ID code 1MQA) and domain 1 of ICAM-2 (PDB ID code 1ZXQ) were used as search models. Rigid-body refinement yielded a clean map in which main-chain and side-chain densities were easily seen for model rebuilding of ICAM-3 D1 with O (20) . The model was refined to a 1.65-Å resolution by using simulated annealing in CNS 1.1 (21) .
Surface Plasmon Resonance (SPR) Measurements. A high-affinity ␣ L I domain mutant (K287C͞K294C, G128 to E301) with a BirA recognition peptide (LGGIFEAMKMELRD) tag fused to the N terminus was constructed for SPR measurements (22, 23) . The mutant I domain was expressed in Escherichia Coli BL21 DE3 (Novagen), refolded, and purified as described in ref. 12 , except that redox buffer (2.5 mM cystamine͞5 mM cysteamine) was used during refolding. The I domain was biotinylated with the BirA enzyme (Avidity, Denver) and subjected to Superdex S-200 chromatography in TBS buffer to remove biotin.
SPR experiments were carried out on a Biacore 3000 instrument (Biacore, Piscataway, NJ) at room temperature. Soluble ICAM-1-Fc (R & D Systems) was immobilized on a CM-5 sensor chip by the amine coupling method. A control surface was prepared by N-ethyl-NЈ-(3-dimethylaminopropyl)-carbodiimide hydrochloride͞N-hydroxysuccinimide activation and blocked with ethanolamine. To directly measure the affinity and kinetics between ICAM-3 D1 and the ␣ L I domain, biotin-labeled high-affinity I domain mutant (K287C͞K294C), or biotin as control, was directly captured on an SA sensor chip (Biacore). To perform the inhibition assay, Endo H f -treated or untreated ICAM-3 D1 was mixed with the high-affinity ␣ L I domain (50 nM) at room temperature for 15 min and then injected over the sensor chip in 20 mM Tris (pH 8.0)͞0.15M NaCl͞1 mM Mg 2ϩ at 10 l͞min (12). 19.5 *Density of the outlier ␣L S174 is very clear. 
Results and Discussion
Overall Structure. The crystal structure of ICAM-3 D1 in complex with an ␣ L I domain mutationally constrained in a high-affinity conformation with a disulfide bond (referred to as ICAM-3͞␣ L I domain hereafter) was determined to a 1.65-Å resolution by using molecular replacement. Statistics for data collection and structure determination are summarized in Table 1 . ICAM-3 D1 docks with its CD loop and GFC ␤-sheet onto a shallow groove on the I domain bearing the MIDAS (Fig. 1 A) . The ␤ strands in ICAM-3 D1 run in a direction approximately perpendicular to the central ␤-sheet of the I domain. The major structural elements of ICAM-3 D1 contributing to binding are the CD loop plus the C and F strands. In the ICAM-3͞␣ L I domain structure, the I domain has the metal ion coordination characteristic of the open conformation (16) . Glu-37, the last residue of the C strand of ICAM-3, completes the coordination of the metal ion Mg 2ϩ on the MIDAS (Fig. 1A) , as does the counterpart Glu-34 in the ICAM-1͞␣ L I domain structure (16) . Fig. 2A is a superposition of the ICAM-1͞␣ L I domain structure onto the ICAM-3͞␣ L I domain structure, with D2 of ICAM-1 omitted for clarity. The superposition was only based on framework residues of the D1s of the two ICAMs, but it is clear that as a result, the two bound I domains also overlay very well. These Fig. 2B ). The only difference is that the ␤5-␣6 loop moves significantly toward ICAM-3 D1 after ligation and forms hydrogen bonds to the CD loop of ICAM-3 as described below. In the ICAM-1͞␣ L I domain structure, the same inward movement of the ␤5-␣6 loop occurs compared with the unliganded structure (16) . Conformational movement also occurs in this region upon inside-out activation of ␣ L ␤ 2 , independent of ligand binding, as indicated by the conformation-sensitive mAb HI111, which is specific for residue Lys-268 (25) . Fig. 2 A also shows the superposition of ICAM-2 D1 onto ICAM-3 D1. A remarkable observation here is that the backbone structures of these ICAMs are most similar to one another near the ␣ L ␤ 2 -binding interface, in particular the CD loop region.
Structure of ICAM-3 Domain 1. D1 of ICAM-3 is stable independently of D2 (26) . Like ICAM-1 and -2, ICAM-3 D1 belongs to the I1 subset of the IgSF domain (13) (Fig. 1 A) . The D1s of ICAM-1 and -3 differ mainly in the BC, DE, and FG loops on the N-terminal end of the domain, which are flexible and bind to rhinovirus in ICAM-1 (27-29). The most marked structural The critical MIDAS coordinating residue, Glu-37, is colored red. The conserved contact residues in ICAMs and the conserved residues important for restraining the unique conformation of the CD loop are colored magenta and yellow, respectively. The glycosylation sites in ICAM-2 and -3 are boxed. A was prepared with SETOR (44) , and B was prepared with RIBBONS (43) .
difference is in the DE loop (Fig. 2 A) . Among D1s of ICAM-1, -2, and -3, only one insertion͞deletion is found, in the DE loop (Fig. 2C) . In the cases of ICAM-3 and -2, the D and E strands have a hairpin structure. By contrast, for ICAM-1 D1, the insertion makes the DE loop conformation much more irregular and distinctive (Fig. 2 A) . Moreover, in ICAM-3 and -2, a glycan attaches to Asn-23 with its first sugar moiety packing against the indole ring of Trp-52 (not shown), which directs the long carbohydrate side chain of the glycans toward the N terminus of the domain. An additional glycan links to the FG loop at Asn-72 and decorates the tip of the first domain in ICAM-3 ( Fig. 1 A) . Those glycans are absent in the rhinovirus receptor ICAM-1 and might prevent rhinovirus binding to other ICAM molecules. Additionally, ICAM-3 and -2 are three residues longer than ICAM-1 at the N terminus (Fig. 2C) , a characteristic that would also interfere with the attachment of the virus (30) .
ICAM-3 is the most heavily glycosylated protein in the ICAM subfamily. There are five N-linked glycosylation sites on the relatively small ligand-binding domain, D1, yet none of them is on the domain's CFG face bearing the ␣ L -binding site. ICAM-3 D1 was treated with Endo H f to facilitate crystallization. In electron density maps, one residual sugar moiety at each of two sites, Asn-23 on the B strand and Asn-81 on G strand, was clearly visualized. The densities for sugars at the other three sites (Asn-55, Asn-58, and Asn-72) were visible but extremely weak. The close spacing of sites at Asn-55 and Asn-58 may inhibit glycosylation of both of these asparagines. The ladder of glycoforms in SDS͞PAGE of ICAM-3 D1 before Endo H treatment, and comparison after Endo H treatment, shows predominant usage of three or four of the five potential N-linked glycan sites (Fig. 1B) . Electron densities suggest that the sites at Asn-55, Asn-58, and Asn-72 are N-glycosylated in differing subsets of ICAM-3 D1 molecules. One sugar residue each has been modeled and shown in Fig. 1 A for illustration.
An ICAM-3͞␣L Docking Mode That Is Common for ICAM Subfamily
Binding to ␣L␤2 Integrin. At the center of the recognition site, the invariant Glu-37 of ICAM-3 coordinates to the MIDAS of the ␣ L I domain, surrounded by an extensive hydrogen bond network that establishes the docking specificity. One important advance from the high-resolution ICAM-3͞␣ L I domain structure is the visualization of four hydrogen bonds donated by I domain ␤5-␣6 loop side chains to the main chain carbonyl oxygens in the CD loop of ICAM-3 (Fig. 3A) . These bonds include the bidentate hydrogen bonds from the I domain's His-264 to the carbonyl oxygens of Thr-38 and Leu-40 in ICAM-3, a hydrogen bond connection between the same His-264 and the carbonyl oxygen of Lys-42 of ICAM-3 through a water molecule, and a hydrogen bond from the I domain's Lys-263 to the carbonyl oxygen of Ser-39 (Fig. 3A) . Because the conformation of the CD loop appears highly conserved among ICAM-1, -2, and -3 ( Fig. 2 A) , the same side-chain-backbone hydrogen bonds are likely to occur in complexes with ICAM-1 and -2. A consensus L͞I-E-T-S͞P-L sequence in this CD loop in ICAMs has been recognized for some time (Fig. 2C ) and, together with its counterpart sequence in VCAM, has been proposed to be a general integrin recognition motif (31, 32) . Mutagenesis of CD loop residues in ICAM-3 and their counterparts in ICAM-1 and -2 greatly decreases or even abolishes binding to ␣ L ␤ 2 (26, 27, (33) (34) (35) . Our high-resolution structure shows unambiguously that within this motif an integrated water molecule links the hydroxyl group of Thr-38 and the amide group of Leu-40 on the CD loop to the carbonyl group of Arg-64 and the hydroxyl group of Ser-63 on the F strand (Fig. 3B) . Together with the hydrogen bond between the hydroxyl group of Thr-38 and the amide group of Leu-40, which were also seen in ICAM-1 and -2 structures (36, 37) , this water helps to determine the CD loop conformation. Furthermore, the conserved Lys-42 side chain hydrogen bonds to the carbonyl group of Leu-36, clasping the two termini of the CD loop (Fig. 3B) . On the other hand, Leu-40 has its branched side chain snuggling into a hydrophobic pocket composed of Leu-56, Val-59, and Ile-65 (Fig. 3B) . Clearly, the invariant Thr-38 and Leu-40 residues play a key role in restraining the CD loop of ICAM family members in the same conformation. We propose that the conservation of the CD backbone enables the Lys-263 and His-264 side chains in the mobile ␤5-␣6 loop of the I domain to form hydrogen bonds to the CD loop backbone in recognition of all these ICAMs.
The invariant Lys residue following the CD loop, Lys-42 in ICAM-3, forms an important salt bridge to Glu-241 of the I domain (Fig. 3A) , as also reported in the ICAM-1͞␣ L I domain structure (16) . Allostery markedly reorients Glu-241 in the open conformation of the ␣ L I domain, enabling the crucial salt bridge. Reorientation in the ␤4-␣5 loop bearing Glu-241, including a backbone flip in Gly-240, is linked to the change from a direct to a water-mediated coordination of Asp-239 with the Mg 2ϩ ion in the open, high-affinity conformation of the MIDAS (16) . At the opposite edge of the interface near the FG loop of ICAM-3 D1, there is another hydrogen bond network (Fig. 3A) . The Gln-75 residue on the FG loop forms two hydrogen bonds with Asn-207 of ␣ L . This Gln is invariant in ICAM-1, -2, and -3 (Fig.  2C) . Mutation of Gln-75 in ICAM-3 to His or Ala decreases or eliminates ␣ L binding (26, 33, 38) . The corresponding residue Gln-73 in ICAM-1 and Gln-75 in ICAM-2 are also critical for binding to ␣ L (27, 35) . The 1.65-Å resolution ICAM-3͞␣ L I domain structure enables the water molecules embedded in the binding interface to be resolved. Other than those integrated within the MIDAS, there are six water molecules that become buried upon complex formation. They all connect the two binding partners through multiple hydrogen bonds. On the ICAM-3 side, mostly the backbone atoms of the C strand and CD loop are involved (Fig.  3A) . These water molecules make the interface even more complementary.
Altogether, ICAM-3 docks to the ␣ L I domain through 18 specific polar interactions, directly or through water molecules, including the key MIDAS coordination at Glu-37, critical salt bridges, and hydrogen bonding networks on both sides of Glu-37. The residues engaged in these interactions, as well as the decisive CD loop conformation that establishes the docking are extremely conserved in ICAM-1, -2, and -3 (Fig. 2C) . The conserved polar interactions suggest that most of the water molecules should also be present in other ICAM͞␣ L I domain complexes. The specific docking mode revealed by the ICAM-3͞␣ L I domain structure at a resolution of 1.65 Å and the comparison to the ICAM-1͞␣ L I domain (16) and ICAM-2 structures (37) reveal a common mechanism for ICAM subfamily binding to ␣ L ␤ 2 .
Determinants of ␣L␤2-Binding Affinity Differences for ICAM Subfamily
Members. The specific ICAM͞␣ L ␤ 2 recognition pattern revealed in the ICAM-3͞␣ L I domain structure covers a broad area of the complex interface. Given that ICAM subfamily members share the identical docking mode, an interesting question is what determines the differential binding affinity among the various subfamily members. Kinetics measurements from the association and dissociation phase in Biacore showed that the k on values of ICAM-2 and -3 are similar to one another and 4-to 5-fold lower than the value of ICAM-1 (12) . Furthermore, the k off value of ICAM-3 is three times higher than for ICAM-1 or -2, whereas the off-rates of ICAM-1 and -2 are almost identical.
A characteristic feature of the ␣ L -binding surface of ICAM-3 D1 is the predominance of hydrophilic residues (Fig. 4) . The only major ICAM-3 hydrophobic residue on the interface is Leu-66, which contacts Leu-204, Leu-205, and Met-140 of the I domain. Ala-35 of ICAM-3 D1 offers additional hydrophobic contacts with Thr-243 of the I domain. By comparison, significantly more hydrophobic residues can be found in the ␣ L -binding surface of ICAM-1 D1 (Fig. 4) . Met-64 of ICAM-1 occupies the equivalent position as Leu-66 of ICAM-3. Surrounding the key MIDAScoordinating residue Glu-34 in ICAM-1 are additional hydrophobic residues, Leu-30, Pro-36, and Tyr-66. The equivalent residues in ICAM-3 are Lys-33, Ser-39, and Ser-68. The hydrophobicity difference in the binding area between ICAM-3 and -1 is manifest. The hydrophobicity around the equivalent MIDAScoordinating Glu residue in ICAM-2 is intermediate between ICAM-1 and -3. The hydrophobicity differences at the binding surface thus appear to explain the order of affinity of ICAM-1 Ͼ ICAM-2 Ͼ ICAM-3. Substitutions in the ICAM-1 interface that increase its hydrophobicity further enhance its affinity for the ␣ L I domain by decreasing k off (G.S. and T.A.S., unpublished work). These findings suggest that the nonpolar environment surrounding the key MIDAS-binding Glu residue plays an important role in regulating ␣ L ␤ 2 -binding affinity of ICAMs by mostly affecting the off-rate.
SPR measurements tested the hypothesis that the bulky car- In all sensorgrams, the signals from the control surface, as described in Methods, were subtracted. Concentrations are shown to the right in the same order, top to bottom, as the corresponding curves.
bohydrates attached to the glycosylation sites in ICAM-3 affect on-rate. Binding of the high-affinity ␣ L I domain to ICAM-3 immobilized on a SPR sensor chip was inhibited more strongly by Endo H f -treated ICAM-3 D1 (IC 50 ϭ 3.0 Ϯ 0.6 M) than untreated ICAM-3 D1 (IC 50 ϭ 15 Ϯ 1.2 M) (Fig. 5A ). Direct binding of three different glycoforms of ICAM-3 to immobilized high-affinity ␣ L I domain was also measured by SPR. ICAM-3 D1 from 293T cells (ICAM-3͞293T) with complex-type carbohydrate has a slower k on and similar k off to ICAM-3 D1 from CHO Lec cells, which has high-mannose, Endo-H-susceptible N-linked glycans (Fig. 1B and Table 2 ). After Endo H f treatment, the k on value of ICAM-3 D1͞CHO Lec binding to I domain increased 6-fold, whereas the k off decreased by Ͻ2-fold (Table 2 and Fig. 5B ). These results show that the glycans attached to D1 of ICAM-3 markedly lower its affinity for ␣ L primarily by lowering k on . ICAM-1 D1 does not have any glycans, whereas the sites at Asn-58 and -81 in ICAM-2 and -3 and the additional site at Asn-72 of ICAM-3 encircle the binding surface. To sum up, glycans at the interface periphery differentially regulate affinity of ICAMs largely by decreasing on-rate, whereas hydrophobicity of the interface differentially regulates affinity by decreasing off-rate.
Based on the ability of mAbs to integrin ␣ L ␤ 2 to differentially inhibit or stimulate binding to ICAM-1, -2, and -3, it has been speculated that different conformational states of the ␣ L I domain (39, 40) or ␣ L ␤ 2 (41) differentially recognize ICAM-1 and -3. Our findings demonstrate that identical, open conformations of the ␣ L I domain bind to ICAM-1 and -3, and that the binding modes are indistinguishable. Therefore, other explanations for these differential effects must be sought. One possibility is that the lower affinity interaction with ICAM-3 may be more susceptible to inhibition. MEM-83 mAb to the ␣ L I domain, which stimulates binding to ICAM-1 and inhibits binding to ICAM-3, has been mapped to ␣ L I domain residues Asp-182 and Glu-21, which are distal from the ICAM-binding site (Fig. 1 A) and do not undergo allosteric change (42) . Perhaps the N-linked glycans present in D1 of ICAM-3 and not in D1 of ICAM-1, including those at ICAM-3 residues Asn-72 and -81 (Fig. 1 A) clash with MEM-83 mAb when it is bound to the ␣ L I domain.
In conclusion, the 1.65-Å resolution ICAM-3͞␣ L I domain structure presented here suggests a common docking mode for all ICAMs that bind to ␣ L ␤ 2 and suggests the determinants of the differential binding affinities of ICAM-1, -2, and -3. This work provides a structural example of how a single integrin molecule ␣ L ␤ 2 serves as a receptor for multiple biological ligands.
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